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Abstract
Ultrasonic Consolidation (UC) is a promising solid state rapid manufacturing pro-
cess that provides the ability to create functional, multilayered, and often geometrically
complex parts. This thesis seeks to address one of the primary obstacles faced when using
the process, namely the apparent build height limit encountered when using UC to construct
high aspect ratio specimens. A fully transient, three dimensional Finite Element model is
created to study the dynamic behavior of an ultrasonically consolidated part during the
UC process. The model is used to find the cause of bond failure at the build height limit
and a potential way to mitigate this problem. Natural frequencies are found to be excited
in the build specimens in proximity to the apparent build height limit which are believed
to be causing bond failure. Experimental work is conducted to compare with results of the
numerical model. The FE model predicts that support materials may alleviate the build
height limitation by supplementing the lateral stiffness of the build specimens. Experimen-
tal verification of these simulations demonstrates the importance of the thermal expansion
properties of any candidate support materials.
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Chapter 1
Introduction
1.1 Overview of Ultrasonic Consolidation
The standard commercial fabrication of parts uses a process of casting, extruding,
drawing, rolling, machining, etc; frequently, this processes limits the geometric complexity
of the parts to be created because of elaborate machine setup. Furthermore, the joining
of dissimilar materials can only be accomplished through the use of mechanical fasteners
or adhesives. In recent years, we have witnessed the advent of several new Rapid Pro-
totyping (RP) techniques which seek to alleviate some of these limitations. Using CAD
models, these novel RP technologies create physical parts by adding and bonding materials
in a layer-by-layer process. They are often called ”free-form” fabrication methodologies
because they eliminate or drastically reduce the constraints of geometric complexity in the
manufacturing process. Some of the more common free-form fabrication techniques include
stereolithography and fused deposition modeling which create parts from plastics and poly-
mers, while functional metal parts can be created using fused metal deposition, electron
beam melting, and Ultrasonic Consolidation[1]. Of special interest to us is the Ultrasonic
Consolidation (UC) process. Invented by Solidica Inc. based in Ann Arbor, Michigan,
Ultrasonic Consolidation is a computer-aided, additive/subtractive rapid manufacturing
method which creates functional parts through the use of ultrasonic welding and contour
1
Figure 1.1: UC Process Schematic[2]
milling. Parts are built in a continual layer-by-layer process of ultrasonically welding thin
metal foils together. The build specimen is contour milled at regular intervals to create
a part of desired dimensions. This technology is unique among free-form fabrication tech-
niques in that it enables the joining of certain dissimilar metals through metallic bonds.
Figure 1.1[2] represents the basic UC process. A normal downward vertical compression
force is applied to the round sonotrode, or horn, to enforce intimate contact between the
foil, also called tape (in this research, these foils are 152 µm (.006 in) thick Al 3003-H18),
and the substrate. The horn rolls over the foil in the longitudinal direction while vibrating
at 20 kHz (amplitude of 12-25 µm) in the transverse direction, causing the foil to bond to
the substrate. Heat is added to the process through the use of a heated base plate and is
also generated by friction at the interface. Successive foils are added in the same manner
and contour milled until the desired dimensions are obtained. The bonding mechanism of
UC is complex and is not fully understood, but researchers believe that bonds are caused by
diffusion and plastic deformation[3]. The UC process ostensibly causes differential scrub-
bing at the bond interface between the tape and the substrate; it is currently accepted that
plastic deformation caused by pressure, heat, and friction at the tape/substrate interface is
the governing mechanism for bonding during the UC process[4].
2
1.2 Literature Review
Ultrasonic Consolidation synthesizes two previously existing technologies, ultrasonic
welding and computer numerical controlled (CNC) machining, to create functional parts in
a layer-by-layer process. In certain aspects, ultrasonic welding has advantages over arc
welding as a method of joining metals. Perhaps most importantly it is believed that UC
creates bonds without reaching the melting point of the bonded metals[5], thus reducing em-
brittlement common in arc welds; additionally, ultrasonic welding enables metallic bonding
of dissimilar metals.
1.2.1 Fundamental Research
Early research in ultrasonic welding was conducted by Weare et al.[6] in which the
authors attempted to experimentally identify certain process parameters which most in-
fluence the strength and durability of ultrasonic welds. Their research established that
the process is dependent on a number of variables including heat and pressure at the bond
interface, sonotrode displacement, weld time (number of weld cycles), and mechanical prop-
erties of the materials to be bonded. In addition they postulated that a minimum amount
of interfacial slip between the bonding surfaces is required to create ultrasonic welds. Shear
stress as well as the heat generated at the interface due to the interfacial sliding was thought
to promote intimate metal-to-metal contact and produce ultrasonic welds.
Langenecker[7] investigated the effects of ultrasonic irradiation on metals. Using a
transducer horn he irradiated aluminum and other metal samples with ultrasonic energy.
By performing tensile tests on the irradiated specimens, he found acoustic energy to have
a substantial softening effect on metals, i.e. a reduction in the apparent static stress nec-
essary for plastic deformation (Figure 1.2). This reduction in shear stress was found to be
proportional to the acoustic energy imparted to the test specimen. Softening effects are
also observed by elevating the temperature of metals (Figure 1.2); however, Langenecker
states that ultrasonic energy appears to be a more efficient way to soften the material.
3
Figure 1.2: Softening Effects of Ultrasonics and Heat-Reproduced from[7]
Figure 1.3: Permanent Hardening Effects of Ultrasonics-Reproduced from[7]
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Langenecker postulated that ultrasonic energy is primarily absorbed at dislocations
in the metal’s lattice structures–the sites at which deformation occurs[8]. Conversely, ther-
mal energy is absorbed and distributed more uniformly throughout the specimen, including
regions of the lattice which do not contribute to plastic deformation. Hence ultrasonic en-
ergy provides a more efficient way to induce material softening. Furthermore, the author
found that if the ultrasonic energy applied to the specimen was below some critical value,
the softening effects were not permanent, i.e., the softening was observed while the irradia-
tion was applied but when the radiation was removed, the properties of the metal revert to
their initial values (region a in Figure 1.3). However, if the ultrasonic energy applied to the
specimen is large–above some critical value–the energy absorbed by the specimen plastically
deforms the material by freeing dislocations from their equilibrium state thereby changing
the internal structure and permanently altering the mechanical properties (regions b and c
in Figure 1.3).
1.2.2 Experimental Work
Although the basis of the UC process, ultrasonic welding, has been around for sev-
eral decades, its mechanics are still not well understood, thus researchers have attempted
to empirically determine how to best create strong ultrasonic bonds. Since there is no
definitive theory as to the mechanics of UC, researchers have tried to determine a range
of optimal values for the normal force, horn amplitude, heat input, and weld speed using
parametric studies. Kong et al.[9] came up with optimal process parameters using peel tests
and microstructural analysis. They defined a variable called linear weld density (LWD), the
ratio of bonded area to the total area at the weld interface, which they used to characterize
the quality of the bond. As would be expected, when comparing the results of the peel test
with the results of the microstructural analysis, in general high peel strength corresponded
with high LWD. Ram et al.[10] expanded on Kong’s work by examining temperature in
the process as well as the previously stated parameters. In addition to determining that
an increase in temperature increases LWD, the authors postulated that surface roughness
5
Figure 1.4: Free Standing Rib Orientations [11]
caused by the sonotrode was preventing intimate contact between the tape and the substrate
thereby preventing 100% LWD. Therefore, the effects of implementing a surface machin-
ing step in the UC process were examined. The authors found that LWD asymptotically
approaches 100% when this step is added while keeping all other parameters at their op-
timal values. However they note that these results may not hold true for UC parts of any
arbitrary dimensions as geometry-induced effects may become important.
Researchers have also observed that the height to width ratio (H/W) of a build
specimen has a substantial effect on the weld bond quality; bond quality of UC specimens
has consistently shown severe degradation as the cross sectional H/W ratio approaches unity.
To investigate the limitations imposed by this H/W ratio for ultrasonically consolidated
parts made of 3003 Al, Robinson et al.[11] constructed free standing ribs through UC
using three different orientations of the foils (longitudinal, lateral and 45o orientation) with
respect to the sonotrode’s vibrational displacement (Figure 1.4). These ribs were examined
for defects during the building process, and were built as tall as possible until the last
deposited foil did not adhere to the layer below it, or until noticeable separation during the
trimming process was observed. Experiments indicated that the bond failure occurred at
an H/W ratio close to 1 for all three build orientations. The authors believe that a lack of
lateral stiffness i.e. the rib’s ability to resist deflection, may be the biggest limitation for
the longitudinally oriented ribs while discontinuities between adjacent tape layers because
of fixed tape width was a noticeable difficulty in building the laterally and 45o oriented ribs.
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Experimental work has also been done to determine the interfacial frictional char-
acteristics of UC parts during the formation process. Zhang et al. [12] attempted to find
the frictional coefficient for Al-Al contact. Using sliding tests, they found that the frictional
coefficient, µ, varies approximately from 0.28 to 0.4 for material temperatures between 25oC
and 250oC. Their results show an increase in µ from 25oC to 100oC. Friction remains rel-
atively constant up to approximately 225oC at which point it drops back down. They also
varied sliding speeds in their tests and found that, for the speeds tested, the value of µ to
be independent of sliding speed.
1.2.3 Numerical Simulation
A number of researchers have attempted to model UC numerically using Finite
Element (FE) models. Most of the simulations have focused on the stress/strain state in
materials being bonded during UC. Since interfacial friction is assumed to play a large
role in the bonding process, several FE models have been created which involve varying
frictional coefficients, whether temperature dependent, strain dependent or both. Gao and
Doumanidis [3] approximated the bond region as a half-space (Figure 1.5) in order to create
a 2-D quasi-static model in which they modeled the formation of a single ultrasonic bond.
They examined frictional properties at the foil/substrate interface and strain propagation
during ultrasonic loading. Bonding was assumed to occur once the equivalent (von Mises)
stress, σeqv , at the interface reached the yield stress, σy, theoretically initiating plastic
deformation. Their simulation predicted that plastic deformation begins at the edges of the
foil (regions of stress concentration) and subsequently moves inward until the material over
the entire region has reached the plastic state.
Yadav and Doumanidis [13] expanded on this work and examined the thermal profile
during the UC process, especially the interdependence between friction at the interface and
plastic material deformation on heat generation during UC. They determined that localized
heating at the interface was caused by frictional scrubbing between the foil and the substrate
during initial elastic deformation. Furthermore, they claim that as the material reaches
7
Figure 1.5: Half Space Respresentation of UC [3]
the plastic state, modest heating occurs due to inelastic hysteresis. Zhang et al. [14]
experimentally determined a frictional coefficient for the UC process that increased with
increased temperature in a non-linear manner and used this frictional coefficient to create an
FE model of the UC bonding. Their model predicts a phenomenon similar to that described
by Gao and Doumanidis [15]. According to their work, in the early stages of UC bonding,
friction produces heat, which, in turn, lowers the elastic modulus; the reduced modulus
enhances localized plastic deformation causing more heat and increasing friction. Friction
seems to dominate the process initially but heat begins to dominate when large deformation
comes into play. Huang and Ghassemieh [16] created a 3-D thermo-mechanical model in
order to examine the stress, strain and temperature distributions within the contact area.
Three specific areas were examined for maximum values and gradients-the top of the foil,
the bottom of the foil and the top surface of the substrate. A time varying friction coefficient
was used in order to account for the change in frictional values during the process due to
heat generation. The model predicted high stress levels at the middle of the foil but did not
show significant values at the foil edges. Stress lagged displacement peaks by about 1/10th
of a cycle, which the authors attribute to unrecoverable slip. Strain levels varied greatly
with large values occurring in the middle of the top surface of the foil while the strain in
the substrate was very small–several orders of magnitude lower. Slipping was observed at
the edges of the contact area.
Throughout the years of testing in UC, researchers have anecdotally determined that
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when the H/W approaches 1 the ultrasonic bonding process breaks down i.e. substantial
bonding between layers is not achieved. Zhang and Li [4] created a 2-D FE model of the
process for the purpose of determining the cause of this H/W of 1:1 bonding problem at
a nominal tape width of 0.9375 in. Their model predicts that shear strain at the bond
interface decreases as the height of the substrate increases, which the authors attribute to
the interference of traveling vibration waves in the substrate. They postulated that, at the
specific dimensions of H/W=1, the superposition of vibrational waves causes shear strain
to be at a minimum hence reducing the ability to bond. This is the only dynamic FE model
of an entire build specimen found in the reviewed literature; however it is a 2-D model and
may not capture all relevant dynamic effects.
1.3 Research Questions
Although most of the optimal UC process parameters for bonding of Aluminum
3003-H18 have been determined experimentally and attempts have been made to examine
the process through simulation, some questions still remain. The questions which this
research seeks to answer are as follows:
• What role does vibration play in bond quality?
• Is it possible that the breakdown in weldability at high aspect ratios is due to a
resonance excitation in the build piece?
• Is H/W a good metric for determining critical build dimensions? For a UC part of
nominal width (.9375 in.) bond quality degrades when H/W ratio approaches unity,
but will this ratio hold true for build pieces of other widths, e.g., a 2 in × 2 in or 4 in
× 4 in build piece?
• Would constraining the lateral deflection of the build piece by adding support mate-
rials to the process improve bond quality at the apparent build limit, H/W=1?
9
Figure 1.6: Support Material Configuration[17]
• If so what would be the characteristics (geometric and mechanical) of such support
structures?
• How would the incorporation of support materials affect differential motion at the
interface?
1.3.1 Hypothesis
In order to obtain differential motion between the tape and the substrate, the deflec-
tion of the substrate must remain small relative to the sonotrode’s motion. This differential
motion generates plastic flow and, in turn, bonding [11]. We contend that the degradation
in bond quality that is seen at high aspect ratios is related to the build part’s lateral stiff-
ness. It has been anecdotally demonstrated that as the part’s height/width ratio increases
to within some neighborhood of 1/1, its lateral stiffness decreases, making the specimen
more compliant in the vibrational direction. We attribute this increase in compliance to a
modal excitation of the build piece, which causes it to displace in phase with the vibrational
input of the sonotrode and therefore, the top of the substrate no longer remains fixed, but
begins to deflect along with the tape that is being deposited and the plastic strain at the
interface degenerates below the level necessary for bonding to occur. This theory is tested
using a transient 3-D FE model of free-standing UC build specimens.
One suggested way to eliminate this problem of stiffness is to introduce support ma-
terials that can be deposited adjacent to the build piece during the process. Figure 1.6[17]
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is a schematic of the support material setup. Ideally this support material would reduce
the effective height of the substrate and stiffen it in the transverse direction. Measuring
the deflection of the build piece during the UC process is an difficult and time consuming
exercise, therefore an FE model of the process would be beneficial in determining how much
the build specimens actually deflect during UC and what geometric and mechanical proper-
ties of the support material have the greatest impact on eliminating or drastically reducing
these deflections. Thus a 3-D FE model is created which incorporates support materials
into the UC process. The primary purpose of this model is to examine how the substrate
deflection varies with effective build height and stiffness of the support materials and to
develop a relationship between the configuration and properties of the support material
and the differential motion generated at the bond interface.
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Chapter 2
Dynamic Finite Element Analysis
of Free Standing Specimens
2.1 FE Model Description
To analyze the dynamic response of a free-standing part, a transient FE model is
created using ABAQUS. The model consists of two 3-dimensional parts: a sonotrode and
a build feature. The sonotrode is modeled as a cylindrical analytical rigid surface, and
the build feature is modeled as a deformable 3-D parallelepiped. Figure 2.1 shows several
configurations of the model.
2.1.1 Geometry
The cylindrical sonotrode used in Solidica’s UC formation machine has a 1 in. wide
contact region and has a radius of 3 in.; the sonotrode is modeled accordingly. The substrate
is a 2.5 in. long parallelepiped; its height and width are varied depending on the substrate
geometry being analyzed. Solidica’s sonotrode has a textured surface and it is assumed that
this surface roughness prevents any slip between the sonotrode and the tape [4]. Because the
tape is very thin (.006 in), the shear deformation through its thickness should be negligible,
thus the tape will not affect the vibrational input seen by the substrate, and will therefore
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Table 2.1: Various FE Free-standing Configurations
H/W=.25 H/W=.5
H/W=1 H/W=2
not affect any modal response of the substrate; consequently, the model does not include a
tape.
2.1.2 Material properties
At room temperature, the titanium horn used in Solidica’s UC machine is much
stronger (E = 114 GPa) than the aluminum substrate (E = 68 GPa)[18]; consequently, the
deformation of the horn during the process is assumed to be negligible when compared to
that of the aluminum and the horn is therefore modeled as a rigid body, (i.e. infinite elastic
modulus). During ultrasonic consolidation, a base plate heats the build feature to 300oF
(approximately 150◦C). Experimental work by Zhang and Li [19] indicates that this elevated
temperature significantly influences the mechanical properties of Al 3003. Selected values of
their findings of the Young’s modulus and yield strength of Al 3003 at temperatures ranging
from 25◦C-350◦C are shown in Table 2.2 and were used to assign material properties to the
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FE model. The authors’ experimentally determined value for modulus at room temperature
(53.2 GPa) appears low when compared with other documented sources (69 GPa) [20],
[21]. For this reason the exact numerical values obtained from their findings were not
applied to the model. However, the trends observed in their results were used to assess the
proportionate affect of heat on Al 3003. Their experiments indicate that when temperature
is increased from 25◦C to 150◦C, the modulus drops to approximately 45% of its value
at room temperature and yield strength drops to 30% of its value at room temperature.
These proportions were combined with the accepted values of modulus (69 GPa) and yield
strength (186 MPa) of Al 3003-H18 to assign a modulus of 31 GPa and a yield strength of
68.1 GPa to the heated substrate in our FE model.
Table 2.2: Temperature Dependent Mechanical Properties of AL 3003-H18[19]
Temp oC Modulus of Elasticity (GPa) Yield Strength (GPa)
25 53.2 227.3
100 26.8 131.2
150 22.7 70.0
200 16.9 68.3
350 13.3 350.0
2.1.3 Boundary and Initial Conditions
Geometric boundary conditions are dictated by the physical constraints of the UC
process; input parameters are based on values provided by Solidica Inc. for optimal UC
of 3003 Al foils. The sonotrode is initially positioned in contact with the middle of the
substrate which is clamped at its bottom surface. The sonotrode applies a 1400 N downward
force to the substrate; subsequently the sonotrode is constrained to vibrate laterally at
a frequency of 20 kHz and with an amplitude of 25 µm for 40 cycles. Rolling is not
included in the model since the horn’s velocity in the lateral direction is several orders of
magnitude greater than its rolling velocity. Kong et al [9] found the maximum optimal
rolling speed for ultrasonic consolidation of 3003 Al to be approximately 34.5 mm/s. The
velocity of the sonotrode in the lateral direction is given by Vlat = Aω cos(ωt) where A is
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the amplitude of vibration and ω is the vibrational frequency; hence the sonotrode’s average
lateral velocity can be approximated as Aω which translates to an average velocity of 3,142
mm/s (A = 0.025mm, ω = 125, 664 rad/ sec). By comparing the rolling velocity of the
sonotrode with its oscillatory frequency, it can be determined that in the time necessary for
the sonotrode to roll 1 mm (0.029 sec), the sonotrode will have completed 580 vibrational
cycles. Due to time constraints and computational cost, the FE model analyzes the first
0.002 seconds (40 cycles) of the UC process. Because this time increment is so small, it is
assumed that the sonotrode dwells on a single weld area.
2.1.4 Contact
The interaction between the sonotrode and substrate is modeled with ABAQUS’
surface-to-surface hard contact formulation. Slip/stick criteria for interfacial motion are
determined by the penalty (stiffness) method where stick occurs when the shear contact
stress, τshear < τcrit, the critical stress, and slip begins when τshear ≥ τcrit where τcrit is
dependent on the coefficient of friction, µ, and the contact pressure, p. Using results from
[19], we assigned a frictional coefficient, µ=.4.
2.1.5 Mesh
The substrate is discretized using 4-node linear tetrahedral elements; linear elements
were chosen over quadratic elements because the linear formulation tends to be more robust
under contact conditions and it presents fewer convergence issues [22]. To ensure adequate
mesh size, two convergence studies were performed. First, the element size was adjusted to
ensure that all modal effects were captured accurately. Using the modal analysis capabilities
of ABAQUS, the mesh was refined until the predicted first six natural frequencies of the
specimen did not change with successive mesh refinement. Tables 2.3 and 2.4 show the
results of the dynamic convergence study. A subsequent static convergence study was done
by creating a partition at the contact interface in which the mesh was further refined until
a Hertzian stress distribution was seen to ensure that proper contact conditions were being
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simulated. The partition can be seen in Figure 2.1. Table 2.5 and Figures 2.2, 2.3, and 2.4
show the results of the contact convergence study. Figure 2.5 shows the converged substrate
mesh for the H/W=1 case at the nominal width. (Note that the region of dense mesh is
the contact region).
Table 2.3: Dynamic Mesh Convergence Study
No. Elements per Dimension Total 1st mode 2nd mode 4th mode
Height Width Length elements (kHz) (kHz) (kHz)
4 4 10 160 14.7 16.4 22.3
9 9 20 1620 15.1 17.0 23.7
9 9 30 2430 15.1 17.0 23.8
9 9 40 3240 15.1 17.0 23.8
Table 2.4: Dynamic Mesh Convergence Study
Coarse Mesh (4 × 4 × 10 elements) Second Iteration Mesh (9 × 9 × 20 elements)
Third Iteration Mesh (4 × 4 × 30 elements) Fourth Iteration Mesh (9 × 9 × 40 elements)
As a final ”sanity check” to ensure proper contact formulation, a simple geometric
calculation was performed to obtain an approximation of the size of the contact region. The
results of this calculation were compared to the contact patch that was generated in the FE
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Figure 2.1: Contact Partition
Figure 2.2: Contact Convergence–First Iteration
Figure 2.3: Contact Convergence–Second Iteration
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Figure 2.4: Contact Convergence–Third Iteration
Figure 2.5: Final Mesh
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Table 2.5: Contact Mesh Convergence Study
Number of elements on partition edges Total Elements Max von Mises (psi)
N/A 2430 Solution will not converge
4 4 20 35,031 1.14E+04
10 10 45 68,819 1.16E+04
20 20 30 103,914 1.16E+04
model after the sonotrode’s compressive load is applied to the top surface of the substrate.
Figure 2.6 is a schematic for the basic calculation. Assuming the sonotrode to be rigid, we
start with a relation between the radius of the sonotrode, R, the vertical deflection of the
substrate, δ, and the angle, α, between the centerline of the sonotrode and the edge of the
contact patch.
R− δ = R cosα (2.1)
If we approximate cos α by the first two terms of a Taylor series we get
R− δ = R
(
1− α
2
2
)
(2.2)
rearranging
δ =
α2
2
R (2.3)
For small α
α =
`
R
(2.4)
the vertical deformation can then be written as
δ =
`2
2R
(2.5)
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Figure 2.6: Contact Convergence Sanity Check
or
` =
√
2Rδ (2.6)
Equation 2.6 gives us an approximation that relates the length of the contact patch
with vertical deflection and the radius of the sonotrode; thus if the vertical deflection and
size of the sonotrode are known, the length of the contact patch can be calculated. The
FE model predicts δ=8.095E-05 in. Using Equation 2.6, we obtain a length for the contact
patch, 2`, of 0.0882 in. The width of the contact patch as predicted by the ABAQUS
simulation was determined using the contact pressure contour on the top surface of the
specimen developed in the simulation. The surface of the specimen was assumed to be in
contact with the sonotrode wherever the model predicted a nonzero contact pressure. This
produced a contact patch length, `, of 0.04482 (2`=0.08964 in). Thus it appears the model
predicts reasonable deformations at the contact interface.
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2.1.6 Model Formulation
During the actual UC process, the horn is positioned over the feature, the compres-
sive load is applied, after which the horn begins to oscillate transversally to the direction
of rolling at 20 kHz. In order to accurately simulate this process, the FE analyses must
be completed using a two step procedure. First, a static analysis is run in which the com-
pressive load is applied by the sonotrode to the feature using the software’s implicit solver,
ABAQUS Standard. Importing the results of this simulation i.e. build feature deformation,
stress state etc., and adding vibration to the horn, a second analysis with an explicit for-
mulation is then run using ABAQUS Expicit, the program’s explicit solver. It is necessary
to run the simulations in this manner for several reasons:
• The compressive loading must be applied using a static analysis because an impulsive
loading will induce a transient response in the material which may obscure the vibra-
tional response produced by the sonotrode’s vibration. Due to time constraints and
computational expense, simulations are run for a total of 2 milliseconds (40 cycles).
This may not be enough time for the effects of an impulsive load to die out.
• To analyze the vibration of the build piece, a dynamic simulation must be completed;
transient dynamic FE simulations can be completed using either an implicit or ex-
plicit formulation. The rationale for using ABAQUS Explicit to obtain the dynamic
response of the substrate requires a description of the differences between the two
formulations. The equation of motion for both the formulations is given as
Mx¨+Cx˙+Kx = F (2.7)
where M is the structural mass matrix, C is the structural damping matrix and K is
the structural stiffness matrix. The nodal acceleration vector is represented by x¨ , x˙
represents the nodal velocity vector, and x represents the nodal displacement vector.
The nodal load vector is shown as F. For a non-linear analysis, both the explicit and
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implicit formulations require direct time integration of the global equations. The most
significant difference between the two formulations is that the implicit method requires
construction and inversion of the structural stiffness matrix for each incremental solu-
tion, whereas the explicit method does not [23]. Hence, the explicit method is substan-
tially more efficient in computing each increment of the solution. However, although
the explicit method increments at a high rate, it requires a very small time increment
in order to prevent the structural stiffness matrix from becoming ill-conditioned [23].
In our case the efficiency of each step when using the explicit formulation outweighs
the computational expense of using small time increments. Therefore we obtain a
net reduction in computation expense when using ABAQUS Explicit over ABAQUS
Standard for the transient portion of the analysis. Since ABAQUS does not currently
have the capability to run an implicit analysis and an explicit analysis successively
in the same model, it was necessary to apply the static compressive loading and then
import the sonotrode, build feature, and resultant stress state into a second model for
the explicit vibrational analysis.
2.2 Simulation Results
Simulations were run for a variety of substrate geometries to examine the dynamic
response of free standing ultrasonically consolidated Al 3003 parts. The simulations can
be split into two groups based on the width of their build specimens: nominal width speci-
mens (0.9375 in) and half width specimens (0.5 in). For each simulation the height of the
specimens was changed so as to provide insight into the dynamic response of the UC parts
at various H/W ratios.
2.2.1 Nominal Width
To simulate the effect of the changing geometry as the specimen is being built and as
it approaches the apparent limit, the heights of the build features were gradually increased,
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Figure 2.7: Nominal Width Displacements of Free Standing Specimens
starting at 0.25 in and increasing to 0.5 in, 0.75 in, and finally 2 in, or in terms of aspect
ratio, varying H/W from approximately 0.25 to 2. Figure 2.7 shows the results of these
cases; the overlay plots represent the lateral displacement of a node in the center of the
contact area vs. time and the lateral displacement of the sonotrode vs. time. Plotting
these together provides an indication of the differential motion at the interface during UC–
the larger the disparity between the magnitude of the sonotrode’s displacement and the
nodal displacements, the greater the interfacial sliding.
The model predicts that, at a build height of 0.25 in. there is substantial differential
motion at the weld interface. As the height of the build piece increases to 0.5 in, the build
piece becomes more compliant as evidenced by the increase in its nodal displacement. For
simulations at the nominal width, the greatest compliance is observed when the build piece
height is 0.75 in. (H/W=0.8). It is observed that at this aspect ratio the structure has the
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greatest deflection and moves in phase with the displacement of the sonotrode. However,
when the height is increased to 2 in, displacement of the substrate drops back down to the
levels of the lower aspect ratios.
2.2.2 Half Width
A similar analysis was completed at a variety of aspect ratios for the 0.5 in wide UC
parts: H/W equal to 0.5, 1, 2, and 4 (heights of 0.25, 0.5, 1, and 2 in). Figure 2.8 shows
overlay plots of the lateral displacement of a node in the center of the contact area vs. time
and the lateral displacement of the sonotrode vs. time. Differential motion is observed for
H/W equal to .5, 1, and 2; at H/W=4 we see the substrate displacing in phase and at
almost the same magnitude as the sonotrode resulting in almost no differential motion.
2.2.3 Analysis of Results
The plots in Figures 2.7 and 2.8 predict stick/slip behavior at the sonotrode/sub-
strate interface as indicated by the disparity in the plots between the deflection of the build
specimen and the sonotrode; we observe that this stick/slip behavior is dependent on the ge-
ometry of the substrate. These initial results correspond with the hypothesis that changing
the geometry of the structure affects the compliance of the build specimens which in turn
degrades UC bond quality because sufficient differential motion is no longer generated at
the tape/substrate interface. A resonance excitation of the build piece caused by the forces
generated at the foil/substrate interface provides an explanation consistent with the trends
in compliance of the build piece. Figure 2.9 [2] graphically demonstrates the hypothesis in
terms of a frequency response function, where a peak in the plot represents the increase
in compliance of a structure when it is excited at one of its natural frequencies. At low
aspect ratios (to the left of the peak), the vibrational input seen by the substrate does not
correspond to a natural frequency of the build piece. The enforced sinusoidal motion of the
sonotrode generates a complex set of interaction forces at the interface. Before the force
of friction is overcome, the reaction forces at the interface match the shear forces exerted
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Figure 2.8: Half Width Displacements of Free Standing Specimens
Figure 2.9: Conceptual Modal Excitation of the Build Specimen[2]
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by the sonotrode. Once the frictional force at the interface is overcome the reaction force
remains relatively constant. The frequency of these forces does not correspond to any of
the specimen’s natural frequencies, thus no modal response is excited, and the deflection
of the build piece is primarily a function of static lateral stiffness resulting in relatively
low compliance. When the height of the specimen is changed such that one or more of its
natural frequencies correspond to the sonotrode’s 20 kHz, the frequency of the interfacial
forces seen by the substrate begin to match that of the sonotrode and a resonance is excited
in the specimen, causing a spike in compliance. If the geometry of the specimen is again
changed to a higher aspect ratio (to the right of the peak) such that 20 kHz is not close to
one of its natural frequencies, we will see a reduction in the specimen’s compliance. It is
possible that the operating frequency of the sonotrode need not exactly match that of one
of the specimen’s natural frequencies to produce a resonance-like response. Simply being in
proximity to a natural frequency could produce similar results. Furthermore, although this
description is in terms of a single mode, it is likely that a superposition of closely spaced
modes produces the observed results.
Using the modal analysis capabilities of ABAQUS, the model predicts that a speci-
men of nominal width, and an aspect ratio of 0.8, has two natural frequencies which could
affect differential motion within a 5 kHz neighborhood of the 20 kHz frequency of the
sonotrode: the fundamental mode at 20.9 kHz, and the second mode at 22.7 kHz. Their
corresponding mode shapes are shown in Table 2.6 (Although the second mode could likely
be excited in the actual UC process, it is unlikely that it contributes to the simulation
results in Figure 2.7 since in this research the substrate is excited in the middle of the
substrate surface-a node point for the second mode) . We can see from Figure 2.7 that for
specimens which do not have any natural frequencies close to 20 kHz e.g., build heights of
0.25, 0.5, and 2 in., the specimen remains stiff, resulting in substantial differential motion.
At H/W=0.8 however, the geometry of the structure changes such that it has two natu-
ral frequencies in the vicinity of 20 kHz, and we see a drop in compliance and differential
motion.
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Table 2.6: Modes of Nominal Width H/W=1 Build Specimen
Mode 1 Mode 2
Table 2.7: Modes of Half Width H/W=4 Build Specimen
Mode 4 Mode 5 Mode 6
The plots in Figure 2.8 indicate that modal excitations of the build piece by the
sonotrode are also responsible for the large deflections in the 0.5 in wide build specimen. At
an H/W of 4 we observe a sharp increase in the specimen’s compliance; as in the case of the
H/W=0.8 for the nominal width, this drastic increase in compliance is due to a resonance
excitation caused by the superposition of several modes. The model predicts that for a
specimen with a width of 0.5 in. with H/W equal to 4, the fourth, fifth and sixth modes
are excited at 19.3 kHz, 21.0 kHz, and 22.0 kHz respectively. These mode shapes are shown
in Table 2.7.
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Chapter 3
Experimental Validation of the FE
Model
3.1 Experimental Results
• Results of the FE model contain two important implications. The apparent build
height limitation is caused by a resonance excitation in the material. Large deflection
of the substrate is predicted in two analyses–simulations with specimen geometries of
0.75 in x 0.9375 in x 2.5 in (H/W=0.8) and 2 in x .5 in x 2.5 in H/W=4; the model
predicts that both the large deflection specimens have natural frequencies which are
excited in proximity to the sonotrode’s excitation frequency. In contrast, the other
six build features do not have any natural frequencies in the 20 kHz range, and the
model simulations result in relatively small deflections of the build specimen.
• The limiting aspect ratio varies for different UC part configurations. The natural fre-
quencies can be roughly approximated as
√
(k/m) where k is the structural stiffness of
the substrate and m is its mass. Structural stiffness and mass have an interdependence
on the geometry and material properties of the feature; hence, if material properties
are kept constant, the limiting aspect ratio will be a combination of the height and
width of the feature which causes a natural frequency(s) to be excited in proximity to
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20 kHz. Therefore if the width of a UC specimen is changed, its limiting build height
will change as well. We can see this when comparing the predicted limiting aspect
ratio for the nominal width (H/W=0.8) with the predicted limiting aspect ratio for
the half width (H/W=4).
The most direct way to validate the predictions of the FE model is by constructing
actual UC specimens; therefore we conducted a series of experiments, the details of which
are given below. Tests were conducted at Solidica Inc. in Ann Arbor, MI, using one of
the company’s UC formation machines. The test configurations were designed with the
following intent: to determine the qualitative and quantitative response of the substrate
during ultrasonic consolidation and to determine how this response affects the bond quality
of the specimen. In order to accomplish this goal, we welded additional layers of tape over
previously constructed free-standing UC specimens while monitoring the response of the
specimens with laser vibrometers. This set of tests is referred to as ”resonance tests.”
3.1.1 Nominal Width Resonance Tests
Eight, 2.5 in long parallelepiped specimen configurations were designed for the tests;
in order to correlate test configurations with the simulations of the FE model, half the
specimens were constructed at the nominal width (0.9375 in) while the other half were 0.5
in wide. The nominal width specimens had initial heights of 0.5, 0.75, 0.9375, and 2 inches;
they are shown in Figure 3.1. The half width specimens had initial heights of 0.25, 0.5,
0.879, and 1.7 in; they were configured in a manner similar to the specimens in Figure 3.1.
As can be seen in the figure, duplicates were created with the intention of providing two
test specimens for each test configuration providing a total of 16 free-standing specimens.
The duplicate geometries were welded over as time permitted. The specimens were milled
from two consolidated parts whose cross section was approximately 3 inches in width by
2 inches in height. Milling the specimens from a larger UC specimen enabled us to create
high aspect ratio test specimens (any test specimen with HW≥1) which otherwise could
not have been created because of the apparent build height limit.
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Figure 3.1: Nominal Width Resonance Test Specimens
During the resonance tests the settings applied to the UC machine were as follows:
• the sonotrode applied a normal compressive load of 1400N to the tape and build
specimen
• the sonotrode was given a rolling speed of 42.3 mm/s
• the sonotrode vibrated at 20 kHz and with a displacement of 25 µm
• The machine’s baseplate was heated to 300◦ F
During the welding process, we monitored the velocity of the sonotrode with a Poly-
tec 0FV 501 fiber interferometer. A Polytec OFV 505 vibrometer was used to measure the
build feature’s velocity just below contact with the sonotrode. To isolate the vibrome-
ters from the vibration of the formation machine during bonding, both vibrometers were
mounted on tripods resting on the floor outside the machine. Figure 3.2 shows the exper-
imental setup. Concurrently, the power draw of the piezoelectric actuator and the normal
load applied by the sonotrode were monitored. Additional layers were welded to the speci-
mens up to 55 layers or until failure, whichever occured first. Table 3.1 gives the results of
each nominal width test.
The specimens with a width 0.9375 inches demonstrated several types of failure.
The first specimen with an initial height of 0.5 inches failed at an H/W of 0.8. Forty-one
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Figure 3.2: Experimental Setup (Components Not Shown to Scale)
Table 3.1: Resonance Test for Nominal Width of 0.9375 Inches
Height(inches) Layer at Failure Method of Failure Total Build Height H/W at Failure
0.5 41 Detachment of 1st layer 0.7460 0.80
0.5 38 Fracture during trimming 0.7280 0.78
0.75 19 Welder fault 0.8430 0.90
0.9375 – Welder fault 0.9375 1.00
2 55 (No Failure) 2.3300 2.49
layers of tape were successfully welded to the specimen (Figure 3.3); when we attempted
to weld the 41st layer, the specimen experienced a detachment of the 1st layer of the first
weld (Figure 3.4). The FE model predicts the fundamental mode for a specimen of this
geometry to be 20.9 kHz, supporting the contention that resonance is the primary cause
of failure. The second specimen with an initial height of 0.5 inches failed at an H/W of
0.78. Thirty-eight layers of tape were welded to the specimen; during trimming operations
of the excess tape, fracture of the 38th layer was observed. The bonded sample is shown in
Figure 3.5. Again, we posit that resonance excitation caused failure in the UC bonds. The
large deformation and strain energy gradients that occur during a resonance excitation of
a structure drastically increase the specimen’s susceptibility to a fatigue failure.
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Figure 3.3: 41 Layers Welded on 0.5 on Specimen of 0.5 × 0.9375 × 2.5 inches3
Figure 3.4: Failure of First Layer–Specimen of 0.5 × 0.9375 × 2.5 inches3
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Figure 3.5: Fracture During Trimming–Specimen of 0.5 × 0.9375 × 2.5 inches3
Welding over the specimens of 0.75 in. and 0.9375 in. produced similar modes of
failure. The specimen with an initial height of 0.75 in failed at an H/W of 0.9. Nineteen
layers of tape were welded over the specimen at which point the welder’s power supply
shorted out. Figure 3.6 shows the bonded feature. The power supply was reset and several
attempts were made at welding addition layers but the welder faulted each time. Multiple
attempts were made to weld over the 0.9375 in tall specimens (H/W=1), but all were
unsuccessful; when welding over the specimen, the power supply faulted repeatedly. At this
geometry the second natural frequency of the specimen is approximately 18.4 kHz; hence
we believe that weld failure is again due to a resonance excitation. Because this natural
frequency is so close the resonant frequency of the sonotrode, the sonotrode couples with
the build piece, and becomes detuned. The power supply attempts to adjust the driving
frequency of the welder to match the new resonant frequency, however an overload occurs
since the new resonant frequency is outside the power supplies adjustment range +/-500
Hz. Consultations with Amtech, the makers of the sonotrode’s power supply confirm this
analysis.
Both specimens of initial height 2 inches were welded to a height of 2.33 in. by
welding 55 additional layers. The bonds appeared strong and no fracture or degradation
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Figure 3.6: Welder Fault after 19 Layers-Specimen of 0.75 × 0.9375 × 2.5 inches3
was observed. The bonded feature is shown in Figure 3.7. These specimens further support
our contention that resonance is the cause of bond failure. The build height and aspect
ratio of the specimen (H/W varies from 2.13 to 2.49) is such that the specimen will not
experience an excitation near any of its natural frequencies, allowing us to bond without
encountering any problems.
3.1.2 Half Width Resonance Tests
Table 3.2: Resonance Tests for Width of 0.5 Inches
Height(inches) Layer at Failure Method of Failure Total Build Height H/W at Failure
0.25 48 De-bonding of 38th layer 0.530 1.06
0.5 1 Failure of 1st layer to bond 0.5 1.00
0.879 1 Failure of 1st layer to bond 0.879 1.76
1.7 1 Partial bond of 1st layer 1.7 3.40
Table 3.2 shows the test results of bonding on the half width features. The half width
specimens demonstrated modes of failure similar to those of the nominal width specimens.
The specimen of height 0.25 inches was welded to a height of 0.530 in until the 48th layer
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Figure 3.7: 55 Layers Welded on Specimen of 2.0 × 0.9375 × 2.5 inches3
Figure 3.8: 48 Layers Welded on Specimen of 0.25 × 0.5 × 2.5 inches3
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Figure 3.9: Bond failure at the 38th Layer on Specimen of 0.25 × 0.5 × 2.5 inches3
Figure 3.10: First Layer Weld Failure on Specimen of 1.7 × 0.5 × 2.5 inches3
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failed to bond. Upon closer examination of the specimen, it was observed that a crack had
also propagated at the bond interface between the 37th and 38th layers. Figure 3.8 shows
the bonded specimen; Figure 3.9 shows bond failure. The remaining half width samples,
with heights of 0.5, 0.879 and 1.7 in, failed to produce an adequate first bond although
repeated attempts were made. Figure 3.10 shows an example of this bond failure on the 2
in. tall sample; some of the samples exhibited this type of weak, incomplete bonding, while
others would not adhere at all.
The model indicates that the first modal effects will only be excited once the speci-
men reaches an H/W of 4. However, bonding during the resonance tests for the half-width
specimens was achieved only at aspect ratios of 0.5 to 1.1. No successive bonding was possi-
ble at higher aspect ratios. In the case of the nominal width build specimens, static bending
stiffness is apparently so large that it does not play a significant role in the deflection of the
nominal width build specimens. Instead, the response of the nominal width specimens is
dominated by modal effects. This is evidenced by fact that the specimen with the highest
aspect ratio (H/W=2) and ostensibly the smallest bending stiffness, deflected less than the
specimens with H/W=0.8. However, reducing the width of the build specimens to almost
half of the nominal width reduces the lateral bending stiffness of the specimen to such a
degree that at higher aspect ratios, in this case H/W of approximately 1.1, lateral stiffness
has an effect similar to that of modal effects on the nominal width specimens i.e. the speci-
men becomes so compliant that the necessary differential motion between the tape and the
substrate is not achieved.
3.2 Quantitative Results
The velocity of the build piece and the sonotrode were monitored and recorded in real
time during welding. Figure 3.11 shows the experimentally obtained time response of the
nominal width specimens. The plots in the left hand column were obtained from vibrometer
readings taken at a point on the side of the specimen directly below the contact region
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during welding of the first layer of each specimen (The test setup is shown in Figure 3.2).
The plots in the right hand column were generated by truncating the time response of the
corresponding plot in the left hand column for 40 cyles between 0.051 and 0.055 seconds.
Graphically representing the time response during bonding provides several valuable
insights. First, we see that the magnitude of the response, or the compliance of the build
piece varies as the sonotrode’s position changes, i.e. how much the build piece deflects
changes as the horn rolls across its surface. Additionally, we observe that the overall peak
magnitude changes for the various configurations (plots in right hand column of Figure 3.11).
In order to quantify this change in compliance, we compute an RMS velocity for the build
specimen for the time increment between 0.051 and 0.055 seconds. During the actual UC
process, the sonotrode oscillates at the end of the specimen for 0.2 seconds before it begins
rolling, thus this particular time increment was chosen to provide a consistent region from
which to compare the RMS velocity of the respective build specimens. The RMS velocity
values are shown in Table 3.3; the greatest magnitude of response is seen when the specimen
aspect ratio is at 0.8 and 1.0, while the response is noticeably lower when the aspect ratio is
higher or lower. These RMS values appear to follow a trend consistent with the frequency
response curve showing resonance excitation when H/W approaches unity.
Table 3.3: Variation in RMS Velocity
Specimen Height H/W RMS Velocity
0.5 in 0.53 624.27
0.75 in 0.80 735.07
0.9375 in 1.00 699.83
2.0 in 2.13 407.48
3.3 Summary
The FE simulations results presented in Chapter 2 predict increased compliance of
the nominal width build specimens as H/W approaches unity while showing a decrease in
compliance at an H/W of 2; RMS values of substrate’s velocity taken during the formation
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Figure 3.11: Experimental Time Response of Nominal Width Specimens
process quantitatively show the trends of these predictions to be true. It was postulated
that resonance is the cause of this phenomena and we predicted that UC bonding would be
possible at aspect ratios away from H/W=0.8, whether below this ratio or above it. The
nominal width resonance tests correlate with this hypothesis–bonding occurred at low aspect
ratios (0.5-0.78) and at high ratios (2.13-2.490) while bonding was problematic at H/W
ratios of (0.78-1.0). Lateral stiffness dominated the response of the half-width specimens
and appears to be the cause of bond degradation when the aspect ratio of the half-width
samples reaches 1.1. Now that the root cause of bond degradation of problematic nominal
width UC parts has been established, we seek to find a method to eliminate or bypass the
apparent build height limit.
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Chapter 4
Support Materials
4.1 Support Material FE Simulations
One potential method to avoid the apparent build height problem is through the use
of support materials. It has been suggested that positioning relatively stiff material adjacent
to a UC part will serve to supplement the part’s lateral stiffness during the welding process
(Figure 4.1). Increasing the part’s lateral stiffness would ostensibly serve as a boundary
condition which would reduce the specimens effective height; in turn the part would become
less compliant in the lateral direction and more stick/slip behavior would be generated at the
interface. Some anecdotal evidence [24] has shown a marginal increase in the ability to weld
high aspect ratio (i.e. large values of H/W) structures when support material is incorporated
into the UC process. Although support materials have been used in a heuristic manner,
Figure 4.1: Support Material Concept
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Figure 4.2: FE Model with Support Materials
this research seeks to quantify the effects of support structures on bonding of the UC test
specimens by investigating the effects of the support material’s geometric configuration
and material properties. In order to determine the necessary characteristics of a support
material we have run a parameter study with the FE model using a design of experiments
(DOE) method, called the Taguchi method. Figure 4.2 shows a representative case of the
FE model. Four features of the support materials have been identified as parameters in
this study–modulus of elasticity or Young’s modulus, Es, density, ζs, the height of the
support material, hs, and its width, Ws. To simplify the analysis, we restrict the build
feature geometry to dimensions that have proved problematic to UC bonding, in our tests
and in the previous work of other researchers, i.e., height and width equal to 0.9375 in.
The purpose of this parameter study is to determine the effect of support materials on the
lateral stiffness of the build piece and provide answers to the following questions:
• How does a support material quantitatively change the deflection of the build specimen
during UC?
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• What properties of the support material have the largest effect on the interfacial
motion between the tape and the build specimen during UC?
• What, if any, is the correlation between the use of support materials and UC bond
quality?
4.1.1 Support Material Properties
The sole function of any candidate material is support, thus it must be cheap and
easily removable, but substantial enough to provide the necessary support. The process
creators, Solidica Inc., have identified two candidate support materials: tin bismuth (SnBi),
and a glucose based structure. SnBi is commonly used in soldering applications; the glucose
structure was formulated by Solidica and is similar to a sticky, hard candy in composition
and consistency. It is hereafter referred to as ”candy support” or simply ”candy”.
Work by Gibert[17] sought to experimentally determine the material properties of
the two candidate support materials. At room temperature the elastic moduli of SnBi
and the candy were found to be 8,750 ksi and 2,300 ksi respectively; the experimentally
determined values of their densities can be found in Table 4.1 and are used in this research.
When compared to the Al 3003 of the UC part, SnBi represents a relatively stiff support
material with a modulus approximately 88% of that of Al 3003, while the candy is relatively
compliant in comparison with a modulus roughly 23% of the modulus of Al.
Table 4.1: Properties of Support Materials at Room Temperature
Material Es (ksi) Density
Aluminum 10.0E+03 0.000256
SnBi 8.75E+03 0.001048
Intermediate 5.58E+03 0.000613
Candy 2.30E+03 0.000177
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4.1.2 Taguchi Analysis
As opposed to a full factorial analysis which requires testing at all possible values
of each parameter (factor) while varying one parameter at a time, the Taguchi method
makes use of orthogonal arrays in order to drastically reduce the number of experiments
necessary for a parametric study. The arrays are called orthogonal because for each level
of any one factor, all levels of the other factors occur an equal number of times thereby
creating a balanced setup for experiments [25]. Exploiting the orthogonality of the array and
judiciously selecting factor levels enables us to determine the influence of each parameter
on the output of interest (in our case the lateral deflection of the substrate); the influence
of each parameter is called a factor effect. A Taguchi analysis also provides the means to
determine interactions between the factors.
The first challenge in performing the parameter study was to determine which array
to use. There are many standard Taguchi arrays, each of which is constructed to facilitate
experiments with various numbers of factors, factor levels, and factor interactions. The
optimal array for this research is the array which will demonstrate the effects of the four
factors, Es, ζs, hs, and Ws as well as any interactions between them. In addition, the
number of factor levels in the array is crucial to obtaining meaningful and accurate results.
If the factor effects are assumed to vary linearly over the range of factor levels to be tested,
a two-level analysis is sufficient, and the factor levels are assigned at the extremes of the
range–the low level corresponding to the minimum value in the range and the high level
will corresponding to the parameter’s maximum value. However, if it is not known whether
the factor effects are linear, a two-level analysis cannot be used over the whole range of
factor levels because a two-level analysis uses only two data points to plot each respective
factor effect and hence will not demonstrate any nonlinear factor effects. Thus a three-level
analysis or higher is typically used when the factor effects are nonlinear. In our case the
disparate material properties of the candy and SnBi cause the range of values of the factors
in the analysis to be large, making it probable that the factor effects would contain some
nonlinearity. Given this large range of material properties for the candidate support mate-
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rials, an intermediate fictitious material was created and included in the analysis to obtain
an accurate view of the factor effects across a broad spectrum. Although this material is
fictitious, its material properties are intended to be feasible and were obtained by interpo-
lating between the modulus and density values of the SnBi and the candy. The properties
of the intermediate support material are shown in Table 4.1 along with the properties of
the SnBi and the candy.
If we examine the higher-level arrays available (two-level or greater), the Taguchi
array with the fewest number of runs which accounts for all four of the factor effects,
their interactions, and nonlinear effects is the L81(340), a three-level array which requires
81 simulations. To reduce the number of simulations, an alternate approach was taken.
Instead of attempting to create a single analysis over the entire factor range, the parameter
study was split into two analyses. We split the total range of factor levels in half, assumed
the effects to be linear over these reduced ranges and used a smaller array, the L16(215);
this array allows for up to 5 factors and their respective interactions. Having selected the
appropriate orthogonal array the parameter study was conducted as follows:
• The first parameter study involved examining the factor effects using the material
properties of the candy and the intermediate material as low and high factor effects
respectively.
• A similar analysis was performed using the material properties of the intermediate
material and the SnBi as low and high factor effects respectively.
• The factor effects and interactions for each analysis were examined and compared.
4.2 Parameter Study Results
Table 4.2 shows the L16(215) array and Tables 4.3 and 4.4 show the parameter
levels used for each simulation experiment. Columns in the array correspond to factors
and interactions and rows correspond to experimental runs. For example, examination of
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Table 4.3: Factor Levels for L16 Analysis 1
Level Es (psi) Density hs(in) Ws(in)
1 2,340,909 0.000177 0.5 0.5
2 5,580,211 0.000613 0.75 1
Table 4.4: Factor Levels for L16 Analysis 2
Level Es (psi) Density hs(in) Ws(in)
1 5,580,211 0.000613 0.75 1
2 8,819,513 0.001048 1 2
the array in Table 4.2 shows that the first simulation was run with the low value of each
parameter and the second experiment was conducted with the high value of ζs, hs, and
Ws and the low value of Es. After completing all the simulations for a Taguchi analysis
an overall mean value of the results of all the simulations in the analysis can be calculated
using the equation 4.1.
1
16
16∑
i=1
Xi (4.1)
where Xi is the average steady state peak displacement of a node at the center of the contact
patch of the build specimen. The factor effects are determined by calculating the deviation
from the overall mean caused by each of the parameters at each level. For example to
determine the effect of hs it is necessary to find the mean displacement for both levels of
hs.
hs1 =
1
8
(X1 +X2 +X5 +X6 +X9 +X10 +X13 +X14) (4.2)
hs2 =
1
8
(X3 +X4 +X7 +X8 +X11 +X12 +X15 +X16) (4.3)
The deviation of these average results from the overall mean provides an indication
of the relative influence hs exerts on the process. The larger the deviation of the average
results for the levels of a particular factor from the overall mean, the greater the influence
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of the factor on the process.
4.2.1 Stiffening Effect of Support Materials
The results of the FE simulations indicate that the use of support structures serves
to increase the lateral stiffness of the UC specimen. As would be expected, the simulations
also predict that the higher modulus SnBi consistently provides greater stiffening effects
than the candy. This stiffening effect can be seen in Figures 4.3 and 4.4 where the lateral
deflection of a node at the center of the contact region for several representative simulations
incorporating support structures are plotted and compared to the displacement of the same
node in a free standing specimen. Tables 4.5 and 4.6 quantify the stiffening effect by
reporting the RMS values of the the build piece deflection from .001 to .002 seconds of the
simulation. We observe that the greater the dimensions of the support material the greater
its stiffening capabilities as indicated by the drop in RMS displacement values as support
material dimensions increase. We see a marked stiffening of the substrate when support
material dimensions increase from 0.25 × 0.25 × 2.5 in3 to 0.5 × 0.5 × 2.5 in3 (9.2% to
44.9% reduction when using the candy and 26.3% to 60.8% reduction when using Snbi).
However, although a drastic increase in support dimensions from 0.5 × 0.5 × 2.5 in3 to 0.75
× 2.0 × 2.5 in3 produces an additional stiffening of the build specimen, it appears we obtain
”diminishing returns” since the percent reduction in RMS displacement only changes from
44.9% to 66.9% reduction when using the candy and 60.8% to 71.9% reduction when using
Snbi.
Table 4.5: RMS Build Specimen Deflection–Candy Support
support dimensions RMS Displacement % reduction
no support 2.64E-04 -
0.25 × 0.25 × 2.5 in3 2.40E-04 9.2
0.5 × 0.5 × 2.5 in3 1.45E-04 44.9
0.75 × 2.0 × 2.5 in3 8.75E-05 66.9
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Figure 4.3: Effect of Candy Support on Build Feature Displacement
Figure 4.4: Effect of SnBi Support on Build Feature Displacement
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Table 4.6: RMS Build Specimen Deflection–SnBi Support
support dimensions RMS Displacement % reduction
no support 2.64E-04 -
0.25 × 0.25 × 2.5 in3 1.95E-04 26.3
0.5 × 0.5 × 2.5 in3 1.03E-04 60.8
0.75 × 2.0 × 2.5 in3 7.41E-05 71.9
Figure 4.5: Effects of Parameters-Analysis 1
4.2.2 Relative Influence of Factors
Figures 4.5 and 4.6 graphically demonstrate the influence of the factors on the
process and Table 4.7 gives numerical values. The dashed horizontal lines are the overall
mean displacements for all the experimental runs for each L16 array. We can see from
Figures 4.5 and 4.6 and Table 4.7 that the factors in order of influence for analysis 1 are:
hs, Es, Ws, and ζs. The same trends hold true for analysis 2. Interactions between the
factors were also examined found to only weakly interact. Although the simulation predicts
that height has the strongest influence on the velocity of the substrate, the effects of the
other parameters are still significant in comparison.
Table 4.7: Effects of Parameters
Analysis 1 Analysis 2
Height 0.1858 0.0866
Modulus 0.0931 0.0714
Width 0.0684 0.0588
Density 0.0237 0.0320
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Figure 4.6: Effects of Parameters-Analysis 2
4.3 Summary
The FE model was used to simulate the effects of support materials on the deflec-
tion of the problematic nominal width substrate with an H/W of unity. The model predicts
that support materials can serve to significantly stiffen the substrate and reduce its lateral
deflection–up to 72% when compared with the free standing substrate. The Taguchi ana-
lyzes indicated that the height of support and its stiffness are the most influential factors
in reducing lateral deflection. Support structure height is an especially dominant factor
from 0.25 in. to 0.5 in.–at least twice as important as next greatest influence, modulus.
Height became less dominant when height varies in between 0.5 in to 0.75 in. This trend
was also seen in the RMS calculations obtained from deflection predictions of a few select
cases of the FE model. We see a 35.7% and 34.5% drop in RMS deflection for candy and
SnBi respectively when height of the support increases from 0.25 in to 0.5 in while only a
22.0% and 11.1% drop respectively in RMS when height of support increases from 0.5 in
to 0.75 in. Actual experimental tests on UC specimens braced by support materials which
correspond to cases run with the FE model are crucial to validating the model; thus testing
is our next step.
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Chapter 5
Support Material Testing
Finite element simulations of the UC process predict that support structures change
the dynamic response of a UC specimen during the bonding process. Experimental valida-
tion of the FE simulations was conducted at Solidica Inc. using a test setup identical to
the one used in the resonance tests. To validate the support material FE model, experi-
ments were constructed which corresponded with the extreme cases of the model predictions
i.e. test configurations for which the FE model predicted that the support material either
significantly stiffened the substrate in the lateral direction during bonding or the support
material had a relatively small effect on the lateral displacement of the build specimen
during UC as was shown in Chapter 3.
Figure 5.1: Experimental Support Trough Configuration[17]
51
Test No. hs Ws Support Material Baseplate Temp. Normal Load
1 0.25 0.5 Candy 120◦F 179.8 lbs (800 N)
2 0.5 0.5 Candy 120◦F 179.8 lbs (800 N)
3 0.75 2 Candy 120◦F 179.8 lbs (800 N)
4 0.25 0.5 SnBi 200◦F 314.7 lbs (1400 N)
5 0.5 0.5 SnBi 200◦F 314.7 lbs (1400 N)
6 0.75 2 SnBi 200◦F 314.7 lbs (1400 N)
5.1 Experimental Setup and Procedure
The experimental test setup was similar to the setup for the resonance tests de-
scribed in Chapter 3 with the addition of support materials. Support structures were
positioned adjacent to the build specimens using the ”trough configuration” shown in the
schematic of Figure 5.1[17]. As in the case of the resonance tests, the build specimens and
support structure bracing were constructed by milling the structures from larger previously
consolidated stacks. This was done to avoid the prohibitive apparent build height limit.
The trough configuration before the addition of support material can be seen in Figure 5.2.
All the build specimens were constructed to match the geometry of the specimens of the
FE simulations (0.9375x0.9375x2.5in) and three geometric configurations were chosen for
support materials, (0.25x0.5x2.5in), (0.5x0.5x2.5in) and (0.75x2.0x2.5in); tests were run for
all the geometric configurations using both SnBi and the candy support, six tests in all.
Table 5.1 gives the parameters for each support material test. The support materials were
heated until molten and poured into position. The candy was made in-house at Solidica
from water, sugar, corn syrup, and aluminum powder, while the SnBi supports were cre-
ated from commercially available ingots. Figure 5.3 shows the SnBi test configurations and
Figure 5.4 shows the candy test specimens. Typically, as was done in the resonance tests,
the baseplate of the UC formation machine is heated to 300◦F, however the melting tem-
peratures of the support materials necessitated a reduction of the baseplate temperature.
The temperature was reduced to 120◦F when using the candy support and to 200◦F when
welding with the SnBi support.
The experimental procedure was identical to that of the resonance tests. Additional
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Figure 5.2: Support Test Specimen Configuration–Before Pour
layers were added to each build specimen up to 55 layers or until bond failure was observed.
Laser vibrometers were used to monitor the velocity of the build piece and the sonotrode
during welding. Simultaneously, the power draw of the piezoelectric actuator and the normal
load applied by the sonotrode were monitored and recorded.
5.2 Results
Initially attempts were made to weld over the supported specimens with the nominal
normal load, 314.7 lbs (1400 N), applied to the specimen. However this proved problematic.
Although repeated attempts were made to weld, the power supply shorted and additional
layers could not be welded to the specimen; this was the same result as was obtained
when welding over the free standing specimen. At the advice of Solidica, the normal load
was incrementally reduced until bonding was achieved. When welding over the specimens
supported with SnBi, the compressive load was reduced to 269.8 lbs (1200 N), while welding
over the candy supported specimens necessitated a reduction to 179.8 lbs (800 N). The
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Figure 5.3: Support Test Specimens with SnBi
Figure 5.4: Support Test Specimens with Candy
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Support Height Support Width Mode Layer Total Build Height
(Inches) (Inches) of Failure at Failure Height
0.25 0.5 N/A 55 1.2675
0.5 0.5 Fracture Observed 48 1.2255
0.75 2.0 N/A 55 1.2675
Table 5.1: Support Test Results–Candy
Support Height Support Width Mode Layer Total Build Height
(Inches) (Inches) of Failure at Failure Height
0.25 0.5 Fracture Observed 28 1.1055
0.5 0.5 N/A 55 1.2675
0.75 2.0 Failure at 1st Layer 24 1.0815
Table 5.2: Support Test Results–SnBi
results of the support material tests are shown in Tables 5.1 and 5.2.
Although using the candy required a drastic reduction in normal load, its perfor-
mance as a support material appears to be superior to that of the SnBi. The candy enabled
us to weld more layers than did the SnBi and two out of three specimens using the candy
showed no signs of failure whereas only one of the SnBi supported specimens could be
welded to the full 55 layers. However, neither material performed exactly as predicted.
During welding, the candy was observed to progressively fracture as successive layers were
welded (Figures 5.5 and 5.6). This was especially true for the 0.5x0.5x2.5 in3 support ge-
ometry and may explain why a crack formed in the bonds before the full 55 layer height
was reached.
No failure was observed in the SnBi support material itself during the welding
process, but the SnBi did not enable us to weld as many layers as the candy. Care was
taken during the pouring of the molten SnBi to totally fill the support ”trough”, and the
edges of the supports were flush with those of the support bracing and the build specimen,
however Figures 5.7, 5.8, and 5.9 demonstrate that the support structures did not remain
”wedged” tightly between the specimen and the support bracing, but were vibrated loose
and shifted during the build process.
We believe that the superior performance of the candy was not primarily due to
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Figure 5.5: Damage to Candy-Support Material Dimensions 0.5 × 0.5 × 2.5 in3
its stiffness or strength but rather to its ability (at least initially) to adhere to the lateral
surface of the build specimen. Conversely, the relative strength of the SnBi could not be
applied effectively to stiffen the build specimen because it was not snugly positioned and
did not adhere to the specimen for the duration of the weld cycle.
The surface energy of the respective materials involved (Al, SnBi, and candy) con-
tributes to an explanation for the observed results. In order for an adhesive to function
properly, it must flow over the surface to which it is applied to maximize the surface area
and adhesive forces between the two materials; this process is called wetting. Whether or
not the adhesive effectively wets the substrate depends on the surface energies of the two
materials [26]. If the surface energy of the adhesive is less than the surface energy of the
substrate, it will flow out and wet the surface; however, if the surface energy of the adhesive
is greater than that of the substrate it will ”bead up” in a cohesive manner instead of flowing
out over the substrate (Figure 5.10). The surface energy of a liquid or solid is dependent
on many variables, including surface roughness, and temperature; thus obtaining the exact
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Figure 5.6: Damage to Candy-Support Material Dimensions 0.75 × 2.0 × 2.5 in3
Figure 5.7: SnBi Supports Vibrated Loose During Welding- Dimensions 0.25 × 0.5 × 2.5
in3
57
Figure 5.8: SnBi Supports Vibrated Loose During Welding- Dimensions 0.5 × 0.5 × 2.5 in3
Figure 5.9: SnBi Supports Vibrated Loose During Welding- Dimensions 0.75 × 0.5 × 2.5
in3
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Figure 5.10: Substrate Wetting
Figure 5.11: Candy Concept Schematic
values for the surface energy of the materials would require experimental work. Measuring
the surface energies of the respective materials requires substantial time and specialized
equipment to which we did not have access; however, some published surface energy values
and a general qualitative analysis seem to correlate with this hypothesis. Work by Lee
et al. [27] indicates that the surface energy of molten eutectic SnBi is approximately 340
dynes/cm, a much greater surface energy than that of solid aluminum which is typically
35-45 dynes/cm depending on the alloy. Due to such disparate values in surface tension it is
likely that the molten SnBi does not effectively wet the surface of the aluminum specimens
but, when poured, behaves in a manner illustrated in Figure 5.12.
The candy seems to flow into the trough and wet the lateral surfaces of the build
specimen (Figure 5.11) more easily than does the SnBi. It also appears to adhere to the sur-
face of the aluminum; as the build specimen deflects in an oscillatory manner, the adhesive
properties of the candy enable it to provide supplemental stiffness to the build specimen
in both tension and compression. Figures 5.13 and 5.14 show the conceptual difference
between the behavior the candy and the SnBi during welding.
In addition to the candidate support materials’ wetting capabilities, we believe the
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Figure 5.12: SnBi Concept Schematic
Figure 5.13: Deflected Candy Schematic–Exaggerated for Clarity
Figure 5.14: Deflected SnBi Schematic–Exaggerated for Clarity
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coefficient of thermal expansion (CTE) of the materials likely plays a significant role in how
well they actually support the build specimens. Both the candy and the SnBi supports
must be poured into position in their molten states. They are allowed to cool to room
temperature and then re-heated to UC operating temperatures when the specimens are
affixed to the formation machine’s heated baseplate. As the materials change temperature,
thermal strains are developed which cause a change in the volume of the support material;
assuming isotropic expansion, this change in volume is governed by εth = α(θ − θin) where
εth is thermal strain, α is the coefficient of thermal expansion, θ is the current temperature
of the material, and θin is the initial temperature. It is apparent from this relationship
that as long as the support’s CTE is positive the material will undergo a reduction in its
volume as it cools; given a large enough CTE and a drastic change in temperature, it may
be possible that the support structures will shrink so as not to be in contact with the build
specimen. To test this hypothesis, a preliminary heat transfer analysis is performed using
ABAQUS’ coupled thermal-displacement capabilities. Apart from its melting temperature,
the thermal properties of the candy are not known, thus any predictive analysis of its
behavior due to thermal effects would be purely speculative. However, some basic thermal
properties of SnBi can be obtained from the literature, enabling us to obtain a general
idea of its thermal contraction/expansion while it is being used as a support material. The
following thermal properties were used for SnBi in the FE model: coefficient of thermal
expansion, α=1.5E-05 /oC [26], and thermal conductivity, k = 19 Wcm
oC [28]. Exact values
for the specific heat, cp, of SnBi could not be found, but an approximate value of 150 Jkg
oC
was assigned based on values of cp for other lead-free solders obtained from [28]. Since
the analysis was done for steady state conditions, the exact value of cp should not make a
significant difference provided the estimated value is reasonable for a metal. The thermal
properties assigned for the aluminum build specimen and fixture were taken from [29] and
are as follows: α=2.32E-05 /oC, k = 160 Wcm
oC, and cp = 875 Jkg
oC. The SnBi is assigned an
initial temperature of 450◦F (its molten temperature when poured during the tests)modeled
and is modeled as totally filling the trough between the aluminum build specimen and the
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Figure 5.15: Heated Aluminum Fixture-Deformation magnified 100×
Figure 5.16: Heated SnBi
support bracing, thus initially having the same volume as the trough. A subsequent steady
state cooling analysis is performed at ambient temperature (68◦F). To simulate the thermal
expansion of Al and SnBi when affixed to the formation machince, we then apply a 200◦F
boundary condition to the base of the test fixture and compare the resultant steady state
expansion of the aluminum fixture and the SnBi. Figures 5.15 and 5.16 show the results of
the analysis; comparing the cross sections of the trough and the SnBi support we observe
the width of the SnBi to be approximately 34 µm smaller than the width of the trough.
This is a substantial difference considering the peak-to-peak amplitude of the sonotrode
during the tests was only 25 µm.
The results obtained from this analysis are preliminary and should not be taken as
definitive since the thermal and mechanical properties of SnBi used in the analysis were
approximate, and not all the physics of the process (latent heat, potential non-linear ex-
pansion/constraction) was taken into account. For example, the thermal properties of a
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metal, k, α, cp, etc., are typically a function of temperature; our analysis uses constant
values. Furthermore, as the SnBi undergoes a phase change when cooling from its molten
state to solid state its mass density encounters a sudden substantial change. Our analysis
assumes a constant density; this assumption was deemed acceptable, however, since the
sudden decrease in the SnBi at the phase change should only serve to amplify the decrease
in its volume, thus providing a model which should predict the minimum thermal contrac-
tion experienced by the SnBi. Despite the assumptions made during the analysis, the model
provides us with a plausible explanation for the apparent failure of the SnBi to impart sup-
plemental lateral stiffness to the build specimens and the lack of correlation between the
FE model predictions and the test results.
5.3 Summary
We have completed a series of experiments to explore the feasibility of utilizing
support materials to mitigate the apparent build height limit of ultrasonically consolidated
parts. The tests illuminated the need to account for additional physics which were not con-
sidered in the FE support material model. Unforseen issues such as the necessary reduction
in baseplate temperature and sonotrode compressive force negated a direct comparison of
the experimental results with the FE model predictions. We observed that mechanical prop-
erties alone are not sufficient criteria in choosing a support material as evidenced by the fact
that the candy displayed superior performance as a support material although its modulus
is several times less than that of SnBi. A preliminary, coupled thermal-displacement FE
analysis indicates that because of the drastic temperature changes experienced by support
materials, thermal properties have a large effect on utility of a candidate support material.
We posit that the surface wetting capabilities of the support material in its molten state
also plays a role in the ability of a material to function as a support.
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Chapter 6
Conclusion
6.1 Results and Conclusions
Ultrasonic Consolidation is a promising solid state rapid manufacturing process with
the capability to create functional, multilayered, and often geometrically complex parts.
This research addresses one of the primary obstacles faced when using using the process,
namely the apparent build height limit encountered when using UC to construct high aspect
ratio specimens. We have created a transient three dimensional Finite Element model to
gain insight into the mechanics of the UC process and to answer several questions regarding
the role of vibration in the UC bonding process. This model is unique in that it provides
us the ability to examine the dynamic response, including any modal effects, of the entire
build specimen during UC. The model has been used to correlate changes in the response of
a UC build specimen with changes in the geometry of the specimen and to thereby obtain
answers to the following questions:
• Is it possible that the breakdown in weldability at high aspect ratios is due to a
resonance excitation in the build piece?
• Is H/W a good metric for determining critical build dimensions?
• Bond quality for a UC part of nominal width (.9375 in.) degrades when H/W ratio
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approaches unity, but is 1:1 the upper limit of specimen aspect ratios which can be
built with UC?
The results of the FE simulations show that the dynamic response of a build speci-
men depends on its geometry, i.e., specimens of certain geometries exhibit more compliance
than others in response to the vibrational input of the sonotrode. FE simulations of nominal
width specimens show a marked increase in compliance as the specimen’s cross-sectional
aspect ratio approaches unity, specifically H/W=0.8. A modal analysis of all the build
specimens revealed that the geometries exhibiting the greatest compliance have one or
more natural frequencies in proximity to the sonotrode’s operating frequency, thus making
it likely that the increased compliance is due to a full or partial resonance excitation of
the build specimen caused by the horn’s vibration. The FE model also predicts that, at
the nominal width, the compliance of a specimen with H/W of 2 is less than that of H/W
of 0.8 thus indicating that if the problematic aspect ratio is surpassed, bonding should be
possible.
Experimental tests on a variety of UC build specimens corroborate our numerical
simulations. Using two laser vibrometers, we recorded the first published measurements of
the real-time response of UC build specimens during the consolidation process. Starting
with build specimens at H/W of 0.5, we observed that interfacial bonding of nominal width
samples is possible until H/W reaches 0.8; at an H/W of exactly 1 the machine could
not produce any additional layers. However, no problems were encountered when welding
additional layers to specimens with H/W of 2. Measurements with the laser vibrometers
indicate that the most compliant specimens during bonding are those with H/W close
to unity. As it is known that nominal width specimens with an H/W close to one are
problematic, we have established a correlation between bond degradation and resonance.
Thus both experimental and numerical results support our contention that bond degradation
at the observed apparent build height limit is due to a resonance excitation of the build
specimen and that once this build height limit is surpassed, i.e. its geometry changes such
that the sonotrode no longer excites a resonance in the specimen, ultrasonic bonding is
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again possible.
Extrapolating these results to UC build specimens in general leads us to consider
that perhaps the use of H/W as a metric for determining the weldability of a particular
specimen should be reevaluated. As was proven in our resonance tests, H/W of 1 does
not represent the upper limit of part aspect ratios which can be constructed with UC. An
aspect ratio of unity may provide an upper limit for build features with small widths as
in the case of the half-width test specimens. Provided the part’s static lateral stiffness is
large enough, however, problematic build geometries are those which have one or natural
frequencies close the sonotrode’s operating frequency. H/W of 0.8 happens to correspond to
a problematic geometry for nominal width specimens, but no single H/W build height limit
can be applied to all UC build specimens, because the aspect ratios of these problematic
geometries will change depending on the material properties and widths of the specimens.
Having identified the cause of the UC build height limit, we sought to provide
insight into a method of alleviating the problem. The FE model was used to examine the
proposed use of support materials as a method of bracing higher aspect ratio build specimens
and avoiding the build height limit and to answer the following questions regarding their
incorporation into the UC process.
• Would bracing UC build specimens by positioning support materials adjacent to the
specimen serve to reduce its lateral deflection?
• If so what would be the necessary characteristics (geometric and mechanical) of such
support structures?
• How would the incorporation of support materials affect differential motion at the
interface and bond quality?
Four features of the support materials were identified as parameters in studying the
effectiveness of a support material–modulus of elasticity, Es, density, ζs, the cross sectional
height of the support material, hs, and its cross sectional width, Ws. A Taguchi analysis
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was conducted to determine the relative importance of each of the factors; Height of the
support material was found to be the most important factor followed by modulus, width,
and finally density. The results of the model predict that the support materials serve to
increase the lateral stiffness of the problematic build specimens and reduce the specimen’s
lateral deflection up to a maximum of 67% with the candy and 72% with SnBi.
Testing of the support materials provided us with insights into additional factors
which must be considered when selecting and implementing support materials into UC.
Because certain process parameters (sonotrode normal load, baseplate temperature) had to
be modified during the tests, the experimental results cannot be directly compared with
those of the FE model. However, a comparison of the FE model and experimental results
illuminates the effects of temperature on support materials during the formation process.
Prior to the support material tests, only the mechanical properties of the support materials
were considered. Our tests indicate, however, that the thermal properties of the support
materials must be considered in order to accurately predict the performance of a candidate
support material. Although the model predicted that SnBi would provide greater stiffness
than the sucrose-based ”candy” support, the candy actually enabled greater improvement
in weldability.
A qualitative assessment of the support material test results and a FE heat transfer
analysis leads us to believe that the failure of the SnBi is a twofold problem. Support
materials undergo drastic changes in temperature, thus perhaps the greatest obstacle to
using any support material is volumetric shrinking due to temperature change. When the
molten support material is poured into the ”trough” between the support bracing and the
build specimen, it fills the volume of the trough, but as the support cools to its solid state
it experiences thermally-induced strains. In the case of SnBi, our thermal FE analysis
predicts that the reduction in volume of the support structures is significant enough that
the support structure is no longer in contact with the lateral surfaces of the build specimen
and hence imparts very little or no additional stiffness to the build specimen. The candy
support material is also likely to have a positive CTE and thus ostensibly experiences a
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temperature-induced volume reduction as well, albeit less than SnBi since organic materials
often have a lower CTE than metals; however, we believe that the wetting capabilities of the
molten candy provide a bond between the support and the build specimen so that although
the candy supports may shrink, the support is still in contact with the build specimen and
supplements the stiffness of the specimen.
The difficulties with the support materials could potentially be resolved in one of
two ways. The most obvious solution is to use a support material with a negative CTE
thus ensuring that the support material will expand as it cools. However, finding such
materials which also satisfy the mechanical requirements of a support material may be
difficult. Alternatively, since thermal induced strains are directly related to change in
temperature, pouring the support material at the minimum temperature needed to reach
its molten state will minimize its temperature change and, in turn, volumetric shrinking.
Using a support material whose surface tension is lower than that of the build specimen
will also help the support material to flow out and wet the surface of the build specimen,
creating a bond between the surface of the build specimen and the support.
6.2 Future Work
Using numerical simulations and physical testing, this research has established a
correlation between resonance and bond failure for nominal width samples; it has proven
that it is possible to build above the apparent build height limit, and has provided insight
into the use of support materials. However UC mechanics are complex and many aspects
of the process are still uncertain. The following is a list of areas which in the course of this
research have stood out as topics that merit further investigation.
• Most researchers in the UC process believe that a minimum stress state is needed at
the foil/specimen interface for UC bonding to occur. We posit that the structure’s
increased compliance at resonance reduces differential motion and as a result, the
stress state at the bond interface. Simulations indicating a substantial drop in in-
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terfacial stress at problematic specimen geometries would lend additional credence to
our hythothesis that resonance is the cause of bond failure.
• The measurements taken with the laser vibrometers in our battery of tests provided
us real-time measurements of the dynamic response of UC specimens during the con-
solidation process and were invaluable in validating our resonance hypothesis. They
are limited, however, to measuring a single point on the build specimen. Laser vi-
brometers are now commercially available which have the capability to record the
vibration of an object in three dimensional space. Recording the 3-D vibrational re-
sponse, or ”operational shape” of various build specimens in real time and comparing
the response of problematic build specimens with that of those which bond well would
provide additional insight into the mechanics of the process and how they change with
specimen geometry.
• Although the support material tests did not demonstrate direct correlation with the
numerical results, support materials, especially the candy show promise in providing a
solution to the build height limit, and further study into the mechanical and thermal
qualities of a good candidate support material are suggested. The thermal properties
of the support materials as described in Chapter 5 should be considered for any
candidate support material. Furthermore, the results of our simulations and tests
raise some additional questions regarding the necessary mechanical properties of a
support material. Results of our parameter study indicate that in terms of reducing
the deflection of the build specimen, the cross sectional height of a support material
is more important than its stiffness. Due to volumetric shrinking, the stiffness the
stiffness of the SnBi was not fully utilized thus these results could not be empirically
verified, but our simulations predicted a maximum reduction in deflection of 67%
with candy and 72% with SnBi even though the modulus of SnBi is almost four
times greater than the modulus of the candy. These results indicate that provided
the dimensions of the support material are large enough, the stiffness of a support
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material can be substantially less than that of the build specimen and still provide
significant reduction in its deflection. Thus it may be advantageous to explore a
minimum stiffness needed for a support material.
• Observing the consistency of the two materials and considering the fact that UC
is a high speed process also makes us believe that perhaps examining the damping
properties of a candidate support material may also merit some investigation. When
comparing the consistencies of SnBi and the organic candy we observed that the candy
appeared to have a sticky, slightly viscous consistency as opposed to the metallic SnBi.
The sonotrode’s high frequency dictates that the deflection of the build piece occurs
at a high rate of speed; since viscous damping is directly related to velocity, a more
viscous material may be more effective in damping the high frequency vibration of
the build piece than a material with equal or greater stiffness but lower structural
damping. Thus exploring other organic materials or polymers which can withstand
the elevated UC operating temperatures and have higher damping capabilities than
metals would be a worthwhile endeavor.
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